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iINTR0J50CTIOtC-
i 
The operation of a wind turbine produces a downstream 
region of reduced wind speed, the so-called wake. The 
wake constitutes an important factor in determining the 
siting of turbines in wind farms. The mean wake 
characteristics, and their relation to the incident wind field 
and the local topogrspby, lL-e of primary importance for the 
estimation of available wind energy. The mrbulent structure 
of the wake affects the loading and fatigue of downstrearn 
turbine rotors, and dictates the minimwn spacing of the 
machines within a wind fann. In order, then, to achieve 
satisfactory performance from wind farms, especially in 
areas of complex terrain, a detailed knowledge of the above 
wake parameters is required. 
The present ~aper describes a recent investigation into the 
properties of the wake of a three-bladed wind turbine. 
Measurements were made on both a full-scale machine, and. 
on a replica model in the laboratory, at approximately 
1/ I 00 scale. The full-scale experiments were carried out 
on the Greek island of Sarnos, by wor"ers from the: 
University of Athens, and were based on comprehensive' 
.anemomelT; measurements. The small-scale experiments 
were coDducted by a research group at the University of 
Edinburgh, Scotland, using the relatively new technique of 
particle image velocimetry (plY). 
A major objective of the work was to assess the validity of 
small-scale PIV measurements as a tool for investigating 
full-scale wind turbine phenomena. If successful, there 
would be significant attractions in using the PIV method, 
due to its ability to map the velocity in the entire rotor 
wake at a given instant PIV vector maps may be 
processed to yield hoth bulk wake measurements, such as 
velocity deficits, or data relating to the detailed structure of 
the wake, e.g. vorticity measurements. In the present 
carnpaign, velocity ratios measured \.I diameters (0) 
downstream of the rotor, ie. in the near wake, were 
compared, using data from full-scale and model scale. 
REVIEW OF PREVIOUS WORK 
Field studies of wakes behind single turbines or of multiple 
wakes in wind farms [Hogstrom et al (I), Taylor et al (2), 
Larsen and Velk (3), Nierenberg (4), Elliot and Barnard 
(5)] usually concentrate on the decay rate of the velocity 
deficits in the far-wake region. This is then related to 
power production optimization of wind farms. While 
confirming the qualitative trends revealed by wind tunnel 
[simulations, field studies have' millcated" the-- necessity of 
·further measurements, especially over complex terrain [Van 
der Snock (6)], in order to improve the proposed models. 
Wind tunnel studies bave demonstrated that the simulated 
near wake region, which is usually described by a uniform 
velocity profile in the so-called potential core, is not an 
accurate representation of the real-flow situation [Ainslie 
(7)]. This suggests that the effect of the turbulence 
produced by the turbine is improperly parameterized. 
Measurements at distances as close as I D downstream are 
rare, although of importance. The few examples include the 
comprehensive wind tunnel study of Papacor.stantinou and 
Bergeles (8), the extended Nibe project [Taylor (9)] which 
incloded some experimental re,ults at ID and the study of 
the near wake structure of a Dorrieus turbine by Strickland 
and Goldman (10). 
The use of PIV in wind turbine studies is a recent 
development. Infield et al (11) have applied the technique 
both in the wind tunnel, and to a full-scale wind turbine in 
the field Their studies concentrated on the immediate 
vicinity of the blade, and produced detailed profiles of 
bound circulation and the tip vortex. 
Visualisation of the full wake of the rotor up to 4D 
downstream was achieved at Edinburgh [Whale and 
Anderson (12)] using a small scale model. with water, 
rather than air, as the flow medium. 
EXPERIMENTS .. 
Full-Scale Measurements 
E"l"'rimental li!YOut. The full-scale tests were carried out 
on Sarnos Island, which lies in the eastern region of the 
Aegean Sea. The wind farm on Sarnos is located 390m 
above mean sea level on a saddle confined by the island', 
two major mountain ranges. The wind park comprises nine 
three-hladed, horizont;.l-axis, Vestas WMI9S wind 
turbines. with rotor diameter of 19 In, hub-height of 25 In, 
and output rating of 100 kW. 
The WMI9S is stalkeguJated, with rated power achieved 
at a windspeed of 13 mls. The cut-in and cut-out wind 
speeds are 3 mls and 27 mis, respectively. The blades' 
rotational speed is 48 RPM, and the maximum 'power 
coefficient c"max of 0.38 is attained in the windspeed 
range 8-10 mfs. 
Measurements were made on a single wind turbine, using 
two fully instrumented meteorological masts, one upwind 
(0.80) and one downwind (l.ID) of the machine. The data 
to be compared refer to two cup anemometers, mounted at 
12m and 29m above ground level, on the upwind and 
downwind mast, respectively. At the given elevation 
(29m), the downstream unit was above the centreline of the 
rotof, well clear of the influence of downstream tower 
sbadow. The experimental layout is described fully by 
Helmis et al (13). 
The measurements were made over tbe period 16-24/8/91; 
tbe anemometers were sampled at a Illte of 1Hz. 
The wake velocity was expressed as the ratio of 
downstream to upstream windspeed. In doing this, it was 
necessary to compensate for influences other than the wind 
turbine wake: these were principally wind sbear, non-
disk. The observed .ranges for wind speed and turbulence 
intensity were 9-27 mls and 3-16% respectively, based on 
I-minute averages. 
The corrected wake data, ie. with tbe turbine operational, 
are sbown for a range of wind speeds in Fig. 2. The data 
are plotted against incident wind direction: on the 
assumption that the wind turbine yaw system tracks the 
wind direction accurately over long periods, the data can be 
re-interpreted as velocity-ratio profiles obtained by a 
borizontal traverse bebind, and parallel to, tbe rotor. 
Altbough full wake profiles are not available, due to a 
sbortage of data, the results sbow a clear dependence on 
windspeed, with the wake deficit (defined as one minus the 
velocity IlltiO) increasing as a function of tip speed ratio. 
Assuming that the wake centreline corresponds with the 
350deg wind direction, for wbich the wind turbine is 
directly upwind of the 29m measuring anemometer, 
centreline velocity ratios may be derived directly from the 
data in Fig. 2. 
uniform inflow conditions due to the local terrain, and The given wake profiles are based on I-min averages. 
downstream tower sbadow (as noted above, however, the Based on longitudinal and lateral coherence considerations 
last of these was effectively removed by analysing data at a performed in (9), it is concluded that the relatively short 
downstream elevation in the upper half of the wake). averaging time is appropriate. Analysis of corresponding 
Measurements were therefore taken with tbe turbine in IS-minute samples gives almost identical results, though 
operation (the wake data set) and stationary (tbe non-wake with a somewhat more 'spiky' appearance: this was 
data set). 'The results in the latter case (Fig. I) were used _ _ _. attributed to changes in rotor orientation during the IS-min 
to establisb two correction curves (for low and bigh wind. period due to operation of the yaw system. The graphs 
speeds) for non-wake effects. 'I based on I-min data are nonetheless fairly smooth. The 
- - - statistical significance of the results may be assumed 
! greatest for the more extended wake data sets. 
Results and analysis. A preliminary analysis of the non- ~_ . ._1 
wake data set was used to establisb the background - - - . . 
correction to be applied to operational data. Thei ote that '!>e wake profiles thus obtal~«! are 11l~e'7ntly 
importance of this procedure is seen from previous results: i",:eragc:<l w.'th resp.ect to sbort-term vanallOns of mCldent 
described in (13), wbo higblight the uncertainty introduced' ~nd ~lion .. It IS ass~.ed that on the ave~e ~e rO.tor 
by estimating wake velocity deficits by comparing Was aligned With tbe mCldent upstr~am WlD~ direct~on 
upstream and downstream measurements using data through~ut the ~e ... urements (no turblDe yaw IOformatlon 
recorded only with the turbine in operation. was aVailable); 11 IS to be expected, however, tbat rotor 
alignment lags bebind changes in incident wind direction. 
The background correction is particularly important wben 
dealing with the near-wake region. In complex topograpby 
tbis is due to terrain iMomogenilies; below bub-beight the 
effects of nacelle and tower shadow are also important (2). 
The non-wake velocity ratio was found to vary significantly 
with wind direction. Non-wake data for low and bigh wind 
speeds were therefore used to yield """. correction curves, 
which gave tbe non-wake velocity Illtio as a function of 
wind direction only for the particular wind speed range. 
This was then used to provide correction factors for the 
data obtained during operation of the turbine: a given 
velocity ratio obtained with the turbine running was divided 
by the non-wake ratio corresponding to the same incident 
wind direction. In this way the effects of topograpby and 
wind sbear were removed. 
It should also be said that, by normalising tbe wake 
velocity witb respect to the upstream anemometer readings 
(suitably corrected), it is implied that the upstream values 
of wind speed and ambient turbulence are considered .. 
representative of the acloal flow wbich intersects the rotor. 
In fact, separate analysis verified tbat the wind speed and 
turbulence intensity were fairly constant through the roto~ 
The measured standard deviation of wind direction was -5-
6 deg, implying a maximum cross-wake smoothing over 
±S%O. 
Laboratory-scale measurements 
:Experimental method. The experiments at model scale 
,were made nsing the tecbnique of particle image 
'velocimetry (PIV). PIV is a non-intrusive velocity 
measurement technique wbicb allows two-dimensional flow 
fields to be captured at a single instant. The basis of PIV is 
to stroboscopically illuminate a two-dimensional plane of 
flow containing small, neutrally buoyant, seeding particles 
by means of a sbeet of pulsed light. A double (or multiple) 
exposure pbotograpb of this plane is taken; the spacing 
between tbe images of each particle on the film gives the 
local velocity. This photograph is then analysed to 
determine the local flow velocities across the wbole field. 
The film is interpreted point by point over a dense grid 
using a combination of optical and digital analysis: this 
involves scanning successive small regions of the negative 
lwith a probe laser to produce an interference pattern from 
~tb."_mw.tiple particle images in that area. The interference 
fringes are measUred and recorded1ndigIiiiffonn and-the 
data Fourier transformed to yield the particle velocities at 
that point. The Whole negative is scanned in this way to 
build up a flow velocity map, which forms the basis of all 
subsequent analysis. 
The technique of PIV was introduced to the field of wind 
turbine aerodynamics by Infield et al (11) who conducted 
tests on a 0.9 m diameter wind turbine in a wind tunnel, 
using pulsed lasers. The tests established the applicability 
and usefulness of PIV as a velocimetry tool for wind 
turbines. The same researchers subsequently made PIV 
measurements on a full-scale wind turbine of 17 m 
diameter. These tests were mainly concerned with 
visualising the flow around a localised region of the blade, 
bowever. Visualisation of the entire wake at full scale using 
pulsed lasers presents obvious difficulties. 
l, '" _, ,,', ,~__ ~_ __ ~J 
rn.e PIV apparatus at Edinburgh University, whicb was 
Fed in the present study, is applicable to scale model 
~otors only, but is capable of capturing images from the 
rear wake up to 40 downstream. The experiments were 
~arried out in a two·dimensional water flume, 10 m long by 
'400 mm wide (Figure 3). The flume bas glass walls and 
base, and was filled with water to a deptb of 750 mm. A 
continuous current can be established in the tank, driven by 
a water pump, and returned via an external pipe system. 
For"reas, ons Of. geom,-eiry, the im" age, Shi, ·ft-vel,oc,ty. was, n<i~ 
cons\llDt OVer the entire field. A correction therefore had toj 
be applieiCto- the' processedfesiilts, based -on -the-relative 
positions of the camera, mirror and measurement area, the 
refractive indices of glass and water, and the spherical 
aberrations of the camera lens. This was done using 
appropriately written software; the estimated distortion in 
shift velocity from the centre of the film plane to the edges 
of the field was 9%. 
Replicating full-scale conditions. The experiments were 
aimed at reproducing the fuU-scale measurements taken on 
Samos. Thus, the model was positioned 50 that the laser 
sheet intersected the blade at a location corresponding to 
the downstream anemometer unit at full scale (see above). 
The rotor centreline was positioned at a distance of 0.42R 
from the laser sheet, where R is the radius of the rotor. 
Assuming an axially synunetric wake, data were thus 
recorded at an equivalent offset position from the centre of 
the wake to the readings tsken at full scale. 
In order to simulate the desired velocity profile andl 
turbulence level, turbulence manipulators were placed 
upstream of the rotor. These consisted of a parallel system 
of baffles comprising an aluminium honeycomb section, a 
perforated plate and a fine mesh (see Fig. 3). 
The honeycomb acted as a flow straightener, with the 
A continuous wave (CW) laser was used in conjunction - - - perforated plate serving to impose a particular upstream 
with a scanning beam system of illumination to produce tbe profile. They were placed a number of mesh-lengths apart
1 
laser sheet [Gray (14)]. from each otber and from the fine mesh to allow fo 
- - - turbulence introduced by their presence to decay. Final 
smoothing was provided by the fine mesh screen. 
The laser sheet was directed through the base of the flume, 
illuminating a two dimensional cross-section of the flow. - - -
The use of water as the flow medium greatly facilitates From the Samos experiments, it was concluded that th~ 
seeding and illumination. The model turbine rig was wind speed and turbulence intensity were fairly constant; 
placed in the tank, with the rotor aligned normal to the through the rotor disk. Thus, the turbulence manipulators ill! 
incident flow. The water was seeded with conifer pollen of the water tank were chosen to produce a uniform upstream' 
average diameter 70 I'm; concentrations were maintained at profile with low turbulence. A perforated plate with 32 mm' 
a level that ensured a high density of non-overlapping diameter holes and regular pitch of 38 mm was placed 500 
particles on the resulting film record. mm downstream of the boneycomb section. A fine mesh' 
Screen of 18 Iineslinch was placed a further 800 mm! 
,The model rotor was a 1I100th scale replica of the 3-bladed 
,VeslaS (formerly Windmatic) WM-19S. The blades were 
manufactured from rigid plastic, using a numerically 
'controlled cutter. Despite the small scale, the model blades 
.were accurately profiled with a NACA-632XX section, 
with twist, chord and thickness distribntions based on the 
manufacturers' original drawings. In the tank, the turbine 
was driven by an electric motor suspended on a frame 
above the water level, and connected to the rotor shaft by a 
toothed belt, internal to an aluminium tube, effectiVely an 
inverted ·tower'. In order to reduce the disturbance to the 
rotor wake caused by the tower, it was streamlined with a 
foam plastic shroud of symmetric aerofoil cross-section. 
The image recording equipment consisted of a rotating-
mirror shifting system, and a Hasselblad camera. The 
purpose of the sbifting system was to superpose a known 
velocity component onto the recorded image; the reasons 
for this were (a) to eliminate directional ambiguity in the 
final vector maps, and (b) to increase the dynamic range of 
the system. The shifting sequence was synchronized with 
an index pulse from a position encoder, connected to the 
turbine drive motor. 
. ..___ ___ J 
downstream, 1200 mm upstream of the rotor. 
As noted ahove, an important feature of this work was to 
establish whether tests on a rotor at model scale could yield, 
valid data regarding the performance of full-scale wind! 
turbines. Notwithstanding the size of the model, it was' 
decided to replicate as accurately as possible the conditions 
pertaining to the full·scale measurements on Samos. In this: 
way, ... any .. di.screl!JlI)cies .... between the full-scale; 
measurements and those obtained from the PIV tests could 
be attributed solely to scale effects. 
Geometric similarity between the model and the full-scale 
machine was ensured by the Use of an accurate replica.: 
Kinematic similarity during the tests was achieved byi 
running the model at an appropriate range of tip speed' 
ratios A, using the motor speed controller. The current! 
velocity was maintained constant throughout; initially, it; 
was estimated from the valve settings of the recircUlating' 
pump, but final current values were derived from the PIV 
analysis. . 
l\~'\!'ll( ,i .. - .. ~~W~NAlK'I::..~~ ;" ," . . . ...! 
l 
Because the fulJ-Sciile results were based on ttme-average 
recordings, while the PIV vector maps corresponded to 
instantaneous wake images, it was necessary to introduce 
averaging in the latter case. This was done by repeating 
eacb PIV test several times, with the image synchronised to 
a different rotor position, and taking a numerical average 0 
the resulting vector maps. In practice, tbe shifting sequence 
was synchronized to pbotograpb the blades in 6 different 
azimuthal positions, 20deg apart. For a 3-bladed rotor, this 
discrelizes one wbole revolution. Post·analysis averaging 
of tbese 6 exposures yields six vector maps which, 
averaged together, provide the equivalent of a time-
averaged wake image. 
~. The PIV pbotographs thus obtained were 
processed to yield two-dimensional velocity vector maps 0 
the type shown in Fig. 4. This shows the wake behind the 
model rotor operating at a tip speed ratio of 6.5. Eacb 
vector indicates the velocity in the flow at that point: the 
area of reduced velocity behind the rotor is clearly seen in 
this image. Velocity maps were obtained at five tip speed 
ratios in the range 2.3-8.1. 
minimum eXisting iil'be=tw::cee=n.----------
An explanation for this may be that at low tip speed ratio 
tbe rotor is beavily stalled, and the turbulence is due to the 
separated flow behind the individual blades of the model 
rotor; this may be referred to as 'local' turbulence. At bigh 
ti~ speed ... tio the blades are likely to be largely unstalled, 
With smooth (unseparoted) flow over their surfaces; 
bowever, by now the wake itself is bighly turbulent on a 
large scale, due to tbe strong vorticity being transmitted 
into it from tbe rotor. At some intermediate value of tip 
speed ratio, tbe blades may be operating out of stall, but 
with a relatively weak vortex pattern in the wake. The 
spectral analysis of the full-scale data bas already revealed 
fundamental variations of the turbulent structure of the near 
wake as the tip speed ratio varies [Helmis et al (IS)]. I 
Figure 7 contains a further comparison of the full-seale anJ 
m~del wake data, in the form of wake profiles at tip speed' 
rallos of 3.3 and 3.7, respectively. The choice of thesei 
!~Iyes waulictated by the3Yl!ilJll>i1i1Y-..Qf a reasonablel 
amount of cross-wake data from the full-scaie diiia set, wid 
the proximity of the tip speed ratios in tbe two cases. It is! 
The cross.wake profile at I.1D downstream of the model seen that the sbapes of the model and the full-scale Wakel 
rotor was found by analysing the single colwnn of vectors are somewhat different The full-scale wake is wide and has 
in each map corresponding to the appropriate distance from a homogenous central portion, implying significant cross'l 
the rotor. The results are sbown in Fig. 5, as velocity ratio wake mixing. 
plotted against cross-wake distance. In calculating tbe I 
velocity ratio for each location, a single averaged value 0 • 1 
the upstream velocity was assumed: tbis was calculated - - - 'f.he selected analY~ls proc~ure for ~e model wake was! 
from the mean flow statistics of the first colwnn of vectors atmed .at reproduclOg .the mherent ttme and cross-wake, 
in the vector field, with corrections for tbe distortion averagmg mvolved m the. full-scale ~e~surements.' 
introduced by image-sbifting (see above). - _. - Atte~pts were also made to sImulate th~ mCldent mean 
Note that the vertical scales for the wake profiles have been 
shifted to separate them. The influence of tip speed ratio 
can be clearly seen from Fig. S, with tbe downstream 
velocity ratio decreasing witb increasing A. TheasYmmeliY! 
seen in the profiles at their outer edges (where conditions 
approacb those in the freestream) is attributed to the 
presence of the model support structure, ie. tbe '.tower' 0 
the wind turbine. Despite its· streamlined shroud, tbis. 
evidently still introduces some turbulence bebind the rotor 
disc. 
From the given wake profiles, centreline velocity ratios 
may finally be obtained. As noted above, the wake ratios 
measured at full scale (Figure 2) incorporate directional 
smoothing, due to the variation in incident wind direction 
during the averaging period. To account for this at model 
scale, the centreline velocity at I.ID downstream was 
averaged over a cross-wake distance based on the variance 
of the wind direction in the full scale tests. In practice, tbis 
involved averaging together the single centreline velocity 
vector at I.1D downstream with the two adjacent (cross-
wake) values. 
The resulting centreline velocity ratios from the model tests 
are shown as a function of tip speed ratio in Fig. 6, together 
with tbe corresponding data from the Sarnos Island 
measurements. The correspondence is very encouraging. 
Note that the error bars attacbed to the model·scale results 
are based on tbe standard error of the cross-wake averaged 
centreline velocity ratios. As such, they reflect the level ot: 
turbulence existing at the location of interest in each case.! 
It is noteworthy that the turbulence appears to increasei 
towards both higb and low tip speed ratios, with al 
velOCIty and turbulence content. The cbOlce of a narrow 
wind speed range for the construction of the full-scale wake 
, " - profile minimizes the effect of variations of wind speed 
with incident wind direction. The most likely explanation 
for the discrepancy is therefore scale effect. 
Despite attempts at similarity, the scales of turbulence in 
tbe allnospbere may have been different from' tbose in tbe 
water taak of tbe simulations and bave varied according to 
stability. Large scale inbomogeinities of the terrain impose: 
energetic turbulent motions witb characteristic scales of the' 
size of the wake (and even larger), leading to smearing of 
velocity gradients of the kind found in the centre of thel 
wake (see model wake profiles). However, it may be noted' 
that the slopes of the two wake profiles in Figure 7, in the! 
region of steepest gradient {towards the edge of the wake)1 
are almost identical. 
DISCUSSION AND CONCLUSIONS 
The results of this study are very encouraging, with regard 
to the further use of PIV on small-scale models tol 
investigate the fundamental properties of real wind 
turbines. The wake centreline velocity ratios measured at 
model scale, and those from the Sarnos Island experiments, 
sbow remarkably good agreement, both in absolute value, 
and in their relationship to tip speed ratio. Although it, 
would be unwise to draw too many firm conclusions at this' 
stage, bearing in mind the difference in scale of the two' 
experiments, tbe furtber use of PIV in this field seems to be 
clearly indicated. It is inferred that a more careful 
assessment of the effect of turbulence, in terms of ils 
spectral content rather than its integral levels, on tbe wake 
pro"ertiesi. necessary. 
-A nuinbtir of investigations suggest themselves. -In~~~~~p~~o~stantin:~: an;;e~~eles, G., 1988,1, Wind 
particular, the study of the change in wake properties in the Eng, Ind, Aerodyn. ll.133-146. 
transition from low to high windspeed (ie. high to low tip , 
speed ratio) is-.!'finterest. Thi"-~,!~kJ.!-a"..tuallLplanned, 9. Taylor, GJ.,1990, "Wake measurements on the NIBE 
iiridwill be-based on further analysis of tlie illrhufence wind-turbines in Denmark. Part 2:data collection and 
content of the measured wakes. Analysis of wake vorticity, analysis", CEC Contract EN3W.0039.UK(HI). 
readily available from tbe PIV vector maps, is also an 
option being explored. In this case it may be possible to 
investigate the properties of the wake under conditions 
where simple analytic models for wind turbine rotors, ego 
actuator-disc theory, fail, for example where the rotor is 
heavily stalled, or where the thrust coefficient exceeds 
unity. 
In these respects, it is hoped that further comparisons of 
PIV measurements and full scale data will be forthcoming 
shortly. 
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